Abstract This paper deals with the problem of controlling anaerobic digestion processes. A two-step (i.e. acidogenesis-methanization) mass balance model is considered for a 1 m 3 fixed bed digester treating industrial wine distillery wastewater. The control law aims at regulating the organic pollution level while avoiding washout of biomass. To this end, a simple output feedback controller is considered which regulates a variable strongly related to the Chemical Oxygen Demand (COD). Numerical simulations assuming noisy measurements first illustrate the robustness of this control procedure. Then, the regulating procedure is implemented on the considered anaerobic digestion process in order to validate and demonstrate its efficiency in real life experiments.
Introduction
Wastewater treatment using anaerobic processes is a very promising re-emerging technology which presents extremely interesting advantages compared to the classical aerobic treatment (Pavlostathis, 1994; Mata-Alvarez et al., 2000) : it has a high capacity for degrading concentrated and resilient substrates (plant residues, animal wastes, food industry wastewater, etc…), produces very little sludge, requires little energy and it can become profitable with the use of biogas (methane) combustion for cogeneration. But in spite of these advantages, the anaerobic treatment plants are still rare at the industrial scale, probably because they are known to become easily unstable under some circumstances like variations of the process operating conditions and because they need a high level of expertise to be operated. Nevertheless, these drawbacks can be overcome by associating a control procedure to enhance the stable performance of the wastewater treatment operation via feedback control and to connect the process through the Internet to an expert center to ensure its perenniality: this is the goal of the IST European project TELEMAC. The first step in this remote advanced management strategy is therefore to have a dynamic model of the process, which is required for the design of control algorithms.
The dynamic modelling of anaerobic digestion has been an active research area over the past three decades. Andrews (1968) introduced the Haldane model to characterise growth inhibition, which can emphasise the process instability, i.e. the biomass washout via the accumulation of acids. A model with a single bacterial population was then proposed (Graef and Andrews, 1974) . The main modelling studies have been since then extended and detailed by other authors in order to get closer to the complexity of the process (Mosey, 1983; Costello et al., 1991a Costello et al., , 1991b Batstone et al., 2000; IWA Task Group, 2002) . It results in detailed models of the anaerobic digestion process that include several bacterial populations and several substrates. As a consequence, these models are difficult to calibrate and to use for control purposes. However, simpler models based on mass balance considerations (Bastin and Dochain, 1990 ) circumvent this difficulty by locating the biological lack of knowledge in dedicated terms, namely the reaction rates. The use of such models for control design has been proved to be more effective than detailed models, because they minimise the number of assumptions in the model building exercise.
However, even based on such mass-balance models, control of anaerobic wastewater treatment plants remains a delicate problem, especially due to the difficulty in estimating the expressions of the bacterial growth rates or of the yield coefficients by adaptive algorithms (Bastin and Dochain, 1990; Perrier and Dochain, 1993) . In this paper, a method is developed to control the system with the minimal assumptions on the growth rates and it is shown how to guarantee safe behaviour of the process which is of primary importance for using anaerobic digestion at industrial scale. This paper is organised as follows. The first section describes the considered anaerobic fixed bed pilot reactor and the corresponding dynamical mass-balance model that will be used for the controller design. Then, a control law is proposed to drive the model to a desired set point for any initial operating conditions. Non-linear system theory guarantees the behaviour of the closed loop plant and the robustness of the used control law to the process uncertainties. These theoretical considerations are then validated, first on noisy simulations and secondly with real-life experiments performed on the pilot reactor.
Material and methods

Experimental set-up
The influent. The experiments were performed with raw industrial wine distillery vinasses obtained from local wineries in the area of Narbonne, France. This substrate, neither sterile nor homogeneous, is stored in three 27 m 3 tanks connected to the reactor by a piping system of about 0.5 m 3 . The main characteristics of the influent are given in Table 1 .
The reactor. The process is an up-flow anaerobic fixed bed reactor made of a circular column of 3.5 m height, 0.6 m diameter and a useful volume of 0.948 m 3 . The reactor is highly instrumented with the following measurements available on-line every 2 minutes: input and recirculation liquid flow rates, pH of the reactor and of the input wastewater, heater and reactor temperatures, biogas output flow rate, CO 2 , CH 4 and H 2 composition in the gas phase and total organic carbon (TOC) in the reactor. Other measurements are available every half hour using a titrimetric sensor (Bouvier et al., 2002) and a mid infra-red spectrometer (Steyer et al., 2002b) : total volatile fatty acids (VFA), soluble chemical oxygen demand (COD), bicarbonate concentrations and total and partial alkalinity in the liquid phase. More details about the process and evaluation of its on-line instrumentation are available in (Steyer et al. (2002a) .
The mass balance model
As previously stated, a mass-balance model of this anaerobic digestion process is considered ). The underlying model assumes that two main bacterial populations are present. The first one, the acidogenic bacteria X 1 , consumes the organic substrate S 1 (total soluble COD except Volatile Fatty Acids) and produces Volatile Fatty Acids 
(VFA) S 2 through an acidogenesis step. The second population, the methanogenic bacteria X 2 , uses the VFA in a methanization step as substrate for growth and produces methane. The dynamic model is based on the following biological reaction pathways:
The reaction rates are given by: r i (.) = µ i (.)X i . According to Bastin and Dochain (1990) , the following model is obtained:
( 1) where D is the dilution rate, the terms S 1in and S 2in are the influent concentrations of S 1 and S 2 respectively. The k i represent the yield coefficients associated with bacterial growth, the µ i (.) are the specific growth rates of biomass X i . The parameter α ∈ [0,1] represents the proportion of bacteria that are not fixed on the bed, and therefore which are affected by the dilution effect: α = 0 would correspond to an ideal fixed bed reactor, α = 1 to an ideal continuous stirred tank reactor. Methane solubility is very low, therefore the methane produced by the methanization step is not stored in the liquid phase. The output methane flow rate (Q CH 4 ) can then be written as a function of the state as follows:
The methane flow rate is on-line measured, let us denote this output: .
Usually, the most crucial problem in solving equations (1) is the formulation of reasonable expressions for the corresponding specific growth rates: µ 1 (.) and µ 2 (.). However, it is important to point out that the proposed controller does not assume any analytical expression for the growth rates and thus they are not detailed in the model presentation.
Control design
In the following, a control law using the methane flow rate y and the dilution rate D(.) as the manipulated variable is proposed. As previously stated, the controller achieves -independently from the growth rates expressions -the global stabilization of a process following model (1).
In fact, such a controller does not exactly regulate the COD, but a biological equivalent of the total amount of organic substrate in the digester, denoted S T with:
Classical pollution measurements using the COD are based on yields of chemical reactions involved in organic pollution degradation. Indeed, the theoretical computation of the COD associated to an organic pollutant can be computed from the knowledge of the stoichiometric coefficients involved in the complete oxidation of the considered molecule. Here, 
89
Acidogenesis :
Methanization : the same reasoning is followed but the approach is based on the stoichiometry of the biochemical reactions involved in bacterial organic pollution degradation. Thus, regulating S T is equivalent to the classical pollution (COD concentration) regulation. The objective is to compute the control variable D(.) to be applied so that, with a chosen fixed positive S * T , S T has the following dynamics:
It is straightforward from system (1) that D(.) must be computed from the output y as follows: 
is an increasing function of Theoretical considerations on the closed loop system show that there is only one equilibrium (corresponding to the set point S * T ). Moreover, it is globally asymptotically stable provided that our hypotheses hold Bernard, 2001, 2002) .
Results and discussion
Simulation study
In this section, the parameter values given by Bernard et al. (2001) have been used to run the numerical simulation of the controlled model (1). A high level multiplicative white noise (40%) has been added to the measurement of the methane flow rate in order to check the controller robustness. S * T = 2 gCOD/L is chosen as the desired set point for S T . With the kinetics expressions of Bernard et al. (2001) , (i.e. µ 1 (S 1 ) follows Monod kinetics while µ 2 (S 2 ) is modelled with Haldane law), the above hypotheses are fulfilled. Thus, the proof that the closed loop system has a single equilibrium, globally asymptotically stable (GAS), holds for this simulation study. Then, it is straightforward that the results will agree with our predictions: the plant is prevented from biomass washout and has a single GAS equilibrium for a fixed set of parameters.
The simulated controller results can be seen on Figure 1 . A simple linear filter in the feedback loop decreases the noise level for high frequencies. Despite the high level of noise (40%), the controller action remains efficient.
Moreover, in order to take into account the fact that the influent pollutant concentration can change as time goes on during the process operation, a piecewise constant S Tin is imposed during the simulation. It is important to note that to maintain S T at its equilibrium, S Tin variations have to be known and actualised in the feedback gain (see control law (3)).
However, it appears that despite these variations in the influent and the high level of noise in the output, the variable S T remains in a very small interval around its chosen equilibrium value S * T = 2 gCOD/L. From Eq. (2), one can notice that the converging rate of the closed loop system is non-linear and not adjustable by an operator. In spite of this drawback, the converging rate seems to be fast enough for wastewater treatment.
Experimental results
To validate this mathematical approach to the control of anaerobic digestion processes, real-life experiments were also performed under various operating conditions of the pilot
scale anaerobic digester described previously. For clarity, these experiments are introduced in two different parts : first, the usual operating conditions for wastewater treatment (i.e. no failures in the equipment); then since some breakdowns occurred as the experiments were carried out, the safe behaviour of the controlled plant is shown. Note that this situation could have been hazardous for the reactor without any regulation procedure.
Normal operating conditions. In these operating conditions, the reactor follows model (1). Thus, the controlled plant is expected to have the simple behaviour the control law has been designed for. In particular, the pollutant concentration S T must follow the non-linear Eq. (2) but since this equation is non-linear, it is difficult to ensure that S T has good quantitative behaviour. However, it can be noticed that S T has to follow the same qualitative behaviour that Eq. (2) predicts: S T should follow a first order behaviour with a variable positive gain. In other words, if S T is below (respectively above) its chosen set point, it will increase Time Figure 1 Simulation of the controlled up-flow anaerobic fixed bed digester, with variations of the influent COD concentration. 40% noise has been added on the measurement of the methane flow rate (y). The substrates S 1 , S T and the biomasses X 1 and X 2 are also represented (respectively decrease) exponentially (but not at a constant speed) towards its chosen set point.
Two transient behaviours for the input variable D and for the controlled variable S T are illustrated in Figure 2 . The other variables are not represented since the key points of the control action are presented with these two. It is worth noting that the controller action is efficient and agrees with our mathematical predictions: S T qualitative behaviour is as it is expected to be. Moreover, despite the fact that the convergence rate is not adjustable, it seems to be fast enough for wastewater treatment.
Breakdown operating conditions. As usual in real-life experiments, some unforeseen failures happened on the reactor devices. Therefore, the process model differs from model (1) or, at least, the controlled plant behaviour differs from its expected dynamic behaviour. It is worth noting that most plant breakdowns occur together with a decrease in the output biogas (methane) flow rate (so does the output y). What is interesting in the present regulation procedure is that, for the closed loop plant, a decrease in the output y will lead to reducing the dilution rate. This is indeed the easiest way to prevent the reactor from biomass washout, which could have happened because of the process failure.
This phenomenon is highlighted on Figure 3 . In this experiment, a problem in the mixing between influent vinasses and water in the dilution system has occurred. Then, the digester has been fed with pure water. If the process was run in open loop, the biomass would have quickly decreased and been washed out of the reactor. For the controlled system, since the methane flow rate decreases, the dilution rate decreases too, leading D to its minimum value (i.e. 5 L/h, imposed by the process configuration). This prevents on one hand the biomass from short-term washout and, on the other hand, provides the required time to human operators to fix the problem. Time (h) Figure 3 Evolution of the process in closed loop during a plant failure (the digester has been fed with pure water)
